On the Scotian Shelf (SS), Chionoecetes opilio (snow crab) larval releases are spread out over at least a 12-week period in the spring. This large spread in the timing of snow crab larval release may be caused by the large variability in the timing of the spring phytoplankton bloom found on the SS, or complex oceanographic factors. It has been reported that C. opilio release their larvae in response to post bloom senescent algae exposure, and that the release may also be timed with the high spring tide. Objectives of this study include exploring the possibility of tidal, current, and senescent algae induced larval release in ovigerous C. opilio from the SS population; temperature influences were also examined. Another objective was to determine if the female or the embryos themselves control the hatching process. The average duration of hatching was 9.6 d for the warmer treatment and 12.3 d for the cooler treatment. A mixed-effects model using a logistic regression indicated no significant influence of senescent algae upon the larval release patterns (P . 0.5); and a statistically significant temperature influence upon larval release patterns (P , 0.0001). Detached embryos still hatched 14 days post removal, and throughout the duration of hatching were relatively synchronous with those still attached to the female (twosided KS, D 5 0.308, P . 0.5). Larval release did coincide with local high tide and the associated higher current speeds. The results of this study indicate that C. opilio embryos are not receiving chemical cues from the female or senescent algae, but rather, are under endogenous control. Whether they rely on internal pressure, some type of internal biochemical cue or external physical factor such as hydrostatic pressure from high tides or increased current speed warrants further study.
INTRODUCTION
A number of sub-tidal Brachyura release their larvae during local high tide periods and often at night (Saigusa, 2000; Amend and Shanks, 1999; Saigusa, 1992; Forward, 1987; DeCoursey, 1983) . A study in Chiniak Bay, Alaska, showed that Tanner crab, Chionoecetes bairdi Rathbun, 1924 , despite being a sub-tidal species (, 150 m), also optimize their larval release in order to take advantage of high current speeds surrounding the highest spring tide (Stevens, 2003) . These types of tactics affect dispersal and may improve zoea viability. Another survival tactic and annual cycle that has been observed for decades by biological oceanographers, across numerous taxa, is the synchrony between spring phytoplankton blooms and larval release. The synchrony of the release is thought to be a key determinant of early life-stage survival for many species, and is known as the 'match-mismatch' hypothesis (Horwood et al., 2000; Cushing, 1972) .
It has been suggested that the deep dwelling Chionoecetes opilio Fabricius, 1788 may also release their larvae in strong synchrony with peak phytoplankton blooms (Webb et al., 2007; Starr et al., 1994; Conan et al., 1992; Somerton, 1982) . One study in a Newfoundland fjiord, by Starr et al. (1994) reported that larval release by C. opilio was phased with the sedimentation peak of the phytoplankton bloom, but with a 2-3 week lag. They speculated that a chemical cue from the degradation of algal particles triggers an endocrine response in either the female or the embryos resulting in larval release. The 2-3 week lag corresponds well with when the microzooplankton community, upon which the zoea 1 of C. opilio preys, would be well developed. A discussion of Starr et al. (1994) by Stevens (2003) points out, however, that tidal influences should have been considered and that the larvae release did in fact coincide with the local high spring tide, which he suggests may be as important, if not more important than synchrony with the spring algal bloom.
On the Scotian Shelf (SS), larval releases by snow crab are spread out over at least a 12-week period in the spring (Kuhn and Choi, 2010) . This large spread in the timing of snow crab larval release may be caused by the large variability in the timing of the spring phytoplankton bloom found on the SS (Platt et al., 2003) , or their associated causative oceanographic factors, relative to other regions in the Northwest Atlantic. SS phytoplankton blooms have been found to be heavily influenced by short-term physical events (upwelling or downwelling) that result in significant spatial and temporal variations on the time scale of days to weeks (Greenan et al., 2004) . The consistently long larval release period of this population (based on 10 years of data) suggests that this may be an adaptive response to an uncertain biological and/or physical environment and uncertain food source, or that these fine scale variations are increasing the total variability of the release period.
Crustacean embryos are wrapped in a rigid outer layer and a thin inner layer (Davis, 1965 (Davis, , 1964 Younge, 1937) . Following the completion of embryonic development, the JOURNAL OF CRUSTACEAN BIOLOGY, 31(1): [100] [101] [102] [103] [104] [105] 2011 encasing envelope breaks and the zoea are released. Triggers of decapod larval release vary with species. For instance, females of the intertidal species Sesarma cinereum and Uca pugilator (Bosc, 1802) signal their embryos to release the proteolytic enzymes needed for egg membrane degradation, whereas for the sub-tidal Dyspanopeus sayi (Smith, 1869) (see De Vries et al., 1991) and the estuarine Rhithropanopeus harrisii (Gould, 1841) (see Rittschof et al., 1989 Rittschof et al., , 1985 Forward et al., 1987; Forward and Lohmann, 1983) , the embryos themselves control hatching by releasing pheromones which induce a pleonal pumping response in the females. A similar mechanism appears to control synchronous larval release in the estuarine terrestrial crab, Sesarma haematocheir (de Haan, 1833) (see Saigusa, 2000) . For S. haematocheir hatching is highly synchronized among embryos, where all hatch within , 1 h during nocturnal high tide. The mechanism of larval release for C. opilio has not yet been determined.
The objectives of this study are to determine: 1) if senescent algae triggers larval release in ovigerous C. opilio from the SS population (examined in conjunction with temperature influences), 2) the possibility of a relationship between larval release, tides and currents, and 3) the effect of embryo detachment on hatching.
MATERIALS AND METHODS
Gravid female C. opilio with carapace widths ranging from 52.8-72.4 mm were collected from traps set near Sambro Head, Nova Scotia (44u289N, 63u369W) in late February 2009. For approximately one month prior to experimentation they were held at ambient temperature (3-4uC) in 12 circular 120 L tanks, and were fed haddock every 2-3 days. Experiments ran from 6-20 April 2009. Based on historical data it is estimated that the crab inhabited waters ranging from 3.5-6uC. A 13:11 Dark:Light cycle was used to simulate natural conditions (fluorescent bulbs dimmed with green cellophane), light levels varied among the tanks ranging from 1 to 40 lux.
Effect of Temperature and Exposure to Senescent Algae on Timing of Larval Release
Four treatment groups, n 5 9 per group, were used to assess the influence of temperature and senescent algae on larval release: ambient temperature + algae (AT1); ambient temperature 2 no algae (T1); warmer temperature + algae (AT2); warmer temperature 2 no algae (T2). Ambient temperatures ranged from 3.0-4.5uC, and the warm treatment ranged from 5.9-7.8uC. Embryos from each female were examined and staged (Moriyasu and Lanteigne, 1998) prior to the experiment, they ranged from stage 12 (chromatophore formation) to 14 (pre-hatching), the majority being at stage 13 (reduced yolk); stages were distributed evenly among treatment groups. Crabs of varying sizes were also spread evenly between the four treatments, the average carapace width for groups T1, T2, and AT2 was 64 mm and the average for group AT1 was 67 mm. Snow crab were placed in individual vessels containing 10 L of aerated medium (sea water or sea water + algae). To maintain the temperatures, containers were placed in water baths with a constant flow. Treatment groups were evenly distributed over the varied spectrum of incident light.
To simulate senescent algae falling to the sea floor after a spring bloom, 8 mg m 23 (chlorophyll a concentration) of ''Instant Algae Shellfish Diet 1800'' was added to the + algae treatment groups every morning after sample collection and water change. Instant Algae contains the following species: Isochrysis, Pavlova, Thalassiosira weissflogii, Nannochloropsis, and Tetraselmis.
Every 24 h the hatched larvae were collected and the females were placed in fresh medium, sample collection occurred at 9 am. Larvae were counted directly when in small numbers, or preserved and sampled (3 3 5 ml) when over a few hundred.
A full-factorial mixed-effects logistic regression model was used to describe the logit of the cumulative frequency distribution of larval release patterns. Algal treatments and temperature treatments were fixed effects (as they were defined apriori) while individual crab were random effects (not directly of interest but required to block/adjust for their individual variations in larval release).
Effect of Embryo Detachment on Larval Release
To determine if attachment to females is critical for the initiation of larval release in C. opilio, embryo clusters were removed from three females. Two large clusters of embryos were quickly removed from each of the females, placed into individually labeled containers within an ambient water bath and suspended over an air stone using cotton thread (methods used by Saigusa, 2000) . In order to mimic embryos inside a female's clutch, the clusters were kept in complete darkness; with the exception of a 30-minute period every 24 h when the number of hatched larvae were removed and counted, a partial water exchange also occurred at this time. The females were placed in ambient water vessels as in the previous experiment. Larvae hatching from the females and the detached embryos were monitored for 14 days. A two-sided Kolmogorov-Smirnov statistic was used to compare larval release temporal patterns of attached and detached larvae. 
RESULTS

Effect of Temperature and Exposure to Senescent Algae on Timing of Larval Release
Some females in each of the four treatment groups began releasing larvae on the first day of the study. Larvae were observed to release throughout the diurnal cycle; after females were placed into fresh media in the morning larvae were found swimming in the medium and through out the day the numbers increased, the majority of the hatching however did occur over night. Females were frequently observed pumping their pleons and probing their broods with their front claws to aid the process. The average duration of hatching (until full clutch release) was 12.3 and 9.6 d, for T1 and T2 treatments respectively. The addition of senescent algae to the water did not appear to influence the number of larvae being released ( Fig. 1 : triangles vs. circles), but the number of larvae released in the two warmer groups was consistently higher than in the ambient groups after day 6 ( Fig. 1: open  symbols) . A noticeable retardation in larval release, demonstrated by the lack of observation of a plateau in cumulative larval release in the time window of this study, was observed in 10 females. Of these 10 females, three were in the algal treatment group, suggesting a statistically non-significant influence of algal exposure upon retardation of larval release (Chi-square 5 1.6, d.f. 5 1, P 5 0.2). In contrast, all 10 females were in the low-temperature group, suggesting a statistically significant influence of temperature upon retardation of larval release (Chi-square 5 10, d.f. 5 1, P 5 0.002). These findings were confirmed from a statistical analysis of the remaining females where a plateau of cumulative larval release rates was observed. Data analysis was conducted using a logistic regression (Table 1) and accounted for 74.4% of the variation in the logit-transformed data. The results indicate no significant influence of algal treatment upon the larval release patterns (P . 0.5); and a statistically significant temperature influence upon larval release patterns (P , 0.0001).
Effect of Embryo Detachment on Larval Release
The detached embryos continued to hatch successfully 14 days post removal from the female. The larval release timing of the female-attached and detached embryos was relatively synchronous (two-sided KS, D 5 0.308, p . 0.5; Fig. 2 ). This suggests that the female does not trigger the hatching event.
Tidal and Current Influences
The larval released during the experiment did not coincide with the local high spring tide (HST) which occurred on 11 March 2009 (day 70) near Sambro Head; however, it did coincide with the high tide occurring one lunar cycle later , April 10 th , 2009 (day -100, Fig. 3a ). The maximum current speeds in the area of Sambro Head did not exceed 0.20 m s 21 , and did not display higher speeds during the HST, but rather have the same maxima at each high tide (Fig. 3b) .
DISCUSSION
Thermal experiments on C. opilio over the last several months of embryonic development showed a 30% decrease in development time for a 6uC increase in temperature (Webb et al., 2007) . Here, after only 6 days, an increase of approximately 3uC at the terminal stages of snow crab development increased the rate of hatching as much as 2 fold (day 10, Fig. 1) , and the logistic regression showed a significant temperature effect on the hatching time. Prior to competency to hatching Webb et al. (2007) reported a 1-month diapause at the reduced yolk sac stage (stage 13) in C. opilio from the Eastern Bering Sea (EBS). This diapause was observed at 1, 3 and 6uC, but not colder; the authors suggest that this may enable females a mechanism to postpone hatching until conditions are optimal, i.e., closer to when the spring bloom occurs on the EBS. Wear (1974) found that decapods do not respond to changing temperatures during diapause periods but that they do post Fig. 1 . Daily average number (+/2 SE) of Chionoecetes opilio (snow crab) larvae released per treatment group: T1, ambient temperature and no algae; T2, warmer temperature and no algae; AT1, ambient temperature with algae; AT2, warmer temperature with algae. Ambient temperatures ranged from 3.0-4.5uC and the warm treatment ranged from 5.9-7.8uC. diapause. It is possible that the SS females experience a stage 13-diapause period similar to those on the EBS. The females used in this experiment likely came from waters between 3.5-6uC, within the diapause range observed for the EBS crab. At the onset of this experiment it is possible that they had just come out of a stage 13-diapause period, and were thereafter influenced by the temperature. As oceanographic conditions and bathymetry on the Scotian Shelf are highly heterogeneous, the variability in larval release times in the area may simply reflect this natural heterogeneity of environmental temperatures. Active selection of temperatures and habitat by berried females at this and earlier stages can add to an even larger variability in larval hatch times. In this study, hatching for each individual took place over 9-12 days. Webb et al. (2007) observed a similar duration of hatching for C. opilio at 11 days. It is possible that these results may be an artifact of unnatural experimental conditions, but Starr et al. (1994) observed similarly dispersed release times even though they had a male crab with each female to simulate a more natural environment. This diffuse release period may be a way to increase larval survival. Even longer hatching durations exist for the two sublittoral species Paralithodes camtschaticus (Tilesius, 1815) at 32 days (Stevens and Swiney, 2007) and Paralithodes platypus (Brandt, 1850) at 29 days (Stevens, 2006) . The majority of C. opilio hatching occurred during the night, but some larvae were released during the day. Although we did not quantify the proportion of daytime hatchers, they are likely inline with numbers from Tanner crab which released over 75% of their larvae between 20:00 and 00:00 (Stevens, 2003) , and King crab (P. camtschaticus) which released over 95% of their larvae between 18:00-22:00 (Stevens and Swiney, 2007) . It is well established that most crab species hatch in the dark, potentially to avoid predation. An exception of this pattern is the fiddler crab, Uca lactea (de Haan, 1835), which releases larvae during the day (Yamaguchi, 2001) . De Vries and Forward (1988) suggest that in general, the importance of release after darkness may increase with increasing tidal height experienced by the female. Females of C. opilio along the SS reside in depths of 80-360 m, where tidal influences can be variable.
Field and laboratory experiments based in a Newfoundland fjord (Starr et al., 1994) suggested that chemical cues from senescent spring bloom phytoplankton particles might have triggered the larvae of C. opilio to be released 2-3 weeks post bloom. Evidence to support such a link was not found in this study as no relationship between larval release and the presence of senescent algae was evident (P . 0.5; Table 1 , Fig. 1 ). It is possible that the ''Instant Algae'' used in this experiment did not produce the same cue as the phytoplankton monocultures in the Starr et al. experiment. However, the control groups (non-algae, T1 and T2) began releasing larvae on the first experimentation day, at the same time as the algae treatment groups (AT1 and AT2). Thus, even if we had used the same chemical cue the results from our control groups would have differed greatly from those of Starr et al., who reported , 1% larval release for most control animals even 7 days into their experiment. In their senescent algae exposed groups, considerable hatching variability was reported (2-100% of larvae released over the course of the experiment) with larval release beginning as early as one day after exposure and not several weeks as measured in the field. They attributed the hatching variability in their results to interindividual differences in the maturity of the broods; although they did not report the brood maturity of each female at the onset of their experiment. In this study females with broods spanning developmental stages 12-14 were evenly distributed amongst the four treatment groups. Stevens (2003) also concluded that Tanner crab larvae release is decoupled from planktonic food production or any environmental indicators of food abundance.
During the final stages of embryonic development female C. opilio are not triggering the hatching event since detached embryos successfully hatched two weeks after removal from the female. This has also been observed for other species, for instance, embryos of Homarus removed from a female still hatched 10 days after being isolated (Branford, 1978) , and hatching occurred 1-5 days post removal for the estuarine decapod Rhithropanopeus (Forward and Lohmann, 1983) . However, detached embryos of the estuarine crab, S. haematocheir only successfully hatch if they are removed within 48 h of the projected larval release time (Saigusa, 1992a) . When removed within this critical window hatching occurs later and less synchronously than those still attached. The female therefore controls both hatching initiation and its synchrony. Female attached C. opilio and their corresponding detached embryos were relatively synchronous in the timing of their hatching, even toward the end of the 14-day period of observation ( Fig. 2) . Forward and Lohmann found a similar synchrony, although unlike the extended synchrony found for C. opilio, hatching synchrony of Rhithropanopeus diminished after a few days. They concluded that the embryos controlled the timing of hatching; a similar mechanisms appear to be at work in C. opilio.
Several species utilize enzymes and pheromones to initiate the hatching process, and in some cases it is the female which exhibits this control and in others the embryos themselves. In numerous crustaceans, egg envelope rupture has been attributed to increased internal pressure due to osmotic effects (Trotman et al., 1980; Marshall and Orr, 1954; Younge, 1937 Younge, , 1946 . This increased internal pressure may be caused by an osmotic swelling of the inner egg membrane, increased size of the embryo itself (Davis, 1966) , or possibly due to the absorption of environmental water with reverse peristalsis of the intestine (Saigusa, 1992b) . Stevens (2003) hypothesizes that the sub-tidal Tanner crab larval release is cued by increased current speeds, which occur during the HST. Stevens also suggests that Tanner crab can alter their hatch time in intervals of one lunar month in order to take advantage of high tides/faster currents if the larvae are not developmentally ready by the HST. The larval release of C. opilio used in this experiment coincided with the local high tide in early April, recorded in the Sambro Head region where they were caught (Fig. 3a) ; this was approximately 1 month after the HST (early March). Perhaps C. opilio are also able to shift with the lunar calendar. In this particular region, the current speeds were uniform during all high tides, i.e., not highest during the early March HST (Fig. 3b) . It is possible that the increased hydrostatic pressure (Forward, 1987) caused by high tides is triggering snow crab larvae to release, the increased current speeds associated with high tides are also a possibility; or perhaps both cues are utilized. Measuring currents directly along the bottom during periods of high tide along with in situ larval counts in multiple locations where females reside would be required to determine the strength of the relationship; although it would be difficult to separate the effects of increased hydrostatic pressure and current speeds since they co-occur. How crab kept in a laboratory setting could still be affected by these external physical cues is puzzling. Eventually, without direct tidal influence, Tanner crabs lose their hatching tidal synchrony (Stevens, 2003) . However, the shore crab Carcinus maenus, moult simultaneously with high tides even after being in the laboratory for some time (Abello et al., 1997) , implying that they have a biological clock that is tuned to the tides. C. opilio may also have such a biological clock.
A potential benefit of tidally synchronized hatching is the delivery or retention of larvae to appropriate nursery areas (Morgan, 1995; Morgan and Christy, 1995; Stevens, 2003) . Retention indices for particles seeded inshore in (, 100 m bathycline), in March-April predict that most particles are carried southwest by a strong coastal current (Nova Scotia current). Further offshore, complex recirculation gyres retain particles near various offshore banks, including the Gully, Banquerau Bank, Western Bank, and Emerald Bank (Cong et al., 1996) . These shallower banks (50-100 m) are known to be areas with higher densities of early stage benthic instars of snow crab (Choi, unpublished data). In addition to this hydrodynamic complexity, retention patterns are likely to be even more spatially clustered due to the motility of snow crab larvae, and the higher primary and secondary productivity in the better mixed and warmer shallow waters.
In conclusion, the results of this study indicate that stage 12-14 embryos of C. opilio are not receiving chemical cues from the female or from senescent algae, and that the rhythm of larval release is under endogenous control. Whether they rely on internal pressure, some type of internal biochemical cue or an external physical factor such as ambient temperatures, hydrostatic pressure from high tides or increased current speed warrants further study.
